Although length of the telomeric DNA tract varies widely across evolution, a species-specific set point is established and maintained by unknown mechanisms. To investigate how telomere length is controlled in Arabidopsis thaliana, we analyzed bulk telomere length in 14 wild-type accessions. We found that telomere tracts in Arabidopsis are fairly uniformly distributed throughout a size range of 2 to 9 kb. Unexpectedly, telomeres in plants of the Wassilewskija ecotype displayed a bimodal size distribution, with some individuals harboring telomeres of 2 to 5 kb and others telomeres of 4 to 9 kb. F1 and F2 progeny of a cross between long and short telomere parents had intermediate telomeres, implying that telomere length in Arabidopsis is not controlled by a single genetic factor. We provide evidence that although global telomere length is strictly regulated within an ecotype-specific range, telomere tracts on individual chromosome ends do not occupy a predetermined length territory. We also demonstrate that individual telomere tracts on homologous chromosomes are coordinately regulated throughout development and that telomerase acts preferentially on the shortest telomeres. We propose that an optimal size for telomere tracts is established and maintained for each Arabidopsis ecotype.
INTRODUCTION
Telomeres are nucleoprotein complexes that distinguish the natural ends of chromosomes from damage-induced doublestrand DNA breaks. Maintenance of the telomere not only is essential for genome stability but also is required to promote the long-term proliferation capacity associated with immortalized and undifferentiated cell populations. Telomere architecture is well conserved across evolution and consists of tandem arrays of simple G-rich repeats, with the 39 terminus of the G-rich strand forming a single-strand overhang (McEachern et al., 2000) . Most plant telomeres are comprised of TTTAGGG repeats (Fuchs et al., 1995) . Telomere length varies considerably among different plant species. For example, telomeres in the Columbia ecotype of Arabidopsis thaliana span 2 to 5 kb (Richards and Ausubel, 1988) , whereas in tobacco (Nicotiana tabacum), telomeres are much longer and reach 150 kb (Fajkus et al., 1995) . In all cases, telomere tracts are strictly maintained at a species-specific set point; hence, length homeostasis is achieved.
Although mechanisms governing telomere size are poorly understood, dynamic forces can both shorten and lengthen the repeat array (McEachern et al., 2000) . Shortening occurs largely as a result of incomplete replication by conventional DNA replication machinery (Watson, 1972; Olovnikov, 1973) . Each time a cell divides a few nucleotides are lost from the 59 end of the daughter strand synthesized by the lagging strand machinery. Telomeres can also be shortened through exonucleolytic degradation (Maringele and Lydall, 2002; Hackett and Greider, 2003) . In the absence of a compensating mechanism, telomere loss proceeds unabated until the chromosome terminus elicits a DNA damage checkpoint response leading to cell-cycle arrest. Cells that escape the arrest undergo illegitimate repair and face the consequences of genome instability (Hackett et al., 2001) . Fortunately, the damaging effects of telomere shortening can be circumvented by the action of telomerase, a ribonucleoprotein reverse transcriptase that catalyzes the addition of telomere repeats onto the 39 terminus of the chromosome. Telomerase not only rebuilds shortened telomere tracts but can also extend an existing array for a net increase in telomere length (McEachern et al., 2000) .
Telomere length differs not only between evolutionarily distant species but also within species of the same genera. For instance, telomeres in wild-derived mouse strains are similar in length to telomeres in humans (10 to 15 kb) (Hemann and Greider, 2000) , whereas established inbred mouse strains have much longer telomere lengths of ;40 kb (Zijlmans et al., 1997) . How is telomere homeostasis achieved? Current models propose that telomere length is modulated by telomere-specific proteins, which regulate telomerase access to the terminus (Evans and Lundblad, 1999; Taggart et al., 2002) . Telomeres that reach an optimal length carry a full complement of telomere binding proteins and exist in a closed conformation largely inaccessible to telomerase. In the absence of telomerase action, the tract gradually shortens, resulting in the loss of telomere protein binding sites and as a consequence shifts to a more open accessible conformation for telomerase (Shore, 2001; de Lange, 2002; Teixeira et al., 2004) .
Although this model provides a useful framework for investigating aspects of telomere homeostasis, many questions remain unanswered. For instance, how is the optimal telomere length established for different organisms? What is the fate of individual telomere tracts through successive generations? Do individual telomeres tend to reside in a preset size territory or is the length of each tract dynamic? Finally, is the length of the telomere tract on homologous chromosome arms coordinately regulated? To address some of these issues, we examined telomere length regulation in wild-type Arabidopsis. Arabidopsis has emerged as a useful model for telomere biology (Riha and Shippen, 2003) . Particularly relevant is the fact that subtelomeric DNA sequences are unique on 7 of the 10 chromosome arms, making Arabidopsis very well suited for analysis of individual telomere tracts. In addition, previous studies indicate that telomere lengths differ in the Columbia and Wassilewskija (Ws) ecotypes of Arabidopsis (Richards et al., 1992; Riha et al., 2002) , providing an opportunity to evaluate telomere length dynamics in different genetic settings.
Here, we examine telomere length in 14 different Arabidopsis ecotypes. We find significant size differences among these accessions and a striking bimodal size distribution of telomeres in individual plants of the Ws ecotype. In this study, we also employ unique subtelomeric sequences as probes to follow the fate of individual chromosome ends in both Columbia and Ws ecotypes through successive plant generations. Our data illustrate the dynamic nature of telomere maintenance and suggest that whereas the global telomere length is strictly regulated within an ecotype-specific range, individual telomere tracts are not limited to a set size within this range. Our results also indicate that telomere length homeostasis in Arabidopsis occurs through intermittent telomerase action on shorter telomeres to achieve an optimal, ecotype-specific size.
RESULTS

Ecotype-Specific Telomere Lengths
To determine the extent of telomere length variation among wildtype Arabidopsis, we performed terminal restriction fragment (TRF) analysis on 14 different Arabidopsis accessions. DNA samples were digested with Tru1I, which cleaves immediately adjacent to the telomeric DNA tract, and then hybridized with a (TTTAGGG) 4 probe. As previously noted, telomeres in plants of the Columbia and Ws ecotypes were not the same size (Riha et al., 2002) . Telomeres in Columbia plants ranged from 2 to 5 kb in length, whereas telomeres in Ws plants were longer, spanning from 3.5 to 8 kb ( Figure 1A) . Among all the ecotypes we studied, telomere tracts were distributed fairly uniformly throughout a range of 2 to 9 kb. For example, telomeres in Tsu-1, Ber, and Kas were similar to those of Columbia and spanned 2 to 4.5 kb. Telomeres were somewhat longer in Be-0 (3 to 6 kb) and and longer still in Nd-0 (3.5 to 9 kb) ( Figure 1B , Table 1 ). We conclude that telomeres in wild-type Arabidopsis can span a 2-to 9-kb range, with no obvious bias toward the short or long end of this distribution.
These initial experiments were conducted on DNA from pooled populations of Arabidopsis plants. To study telomere length regulation in more detail, we examined telomeres in individual plants. As expected, individual Columbia plants displayed a homogeneous profile of telomere length, with the majority of plants bearing telomeres of 2 to 4 kb ( Figure 2A ). Only occasionally were individuals with slightly longer or shorter telomere arrays observed ( Figure 2A , compare lanes 1 and 7). A similar result was obtained for Landsberg erecta (Ler) individuals (Richards et al., 1992) . In this case, telomere tracts were even more regular and spanned 2 to 6 kb (data not shown).
A strikingly different result was observed with Ws individuals. Whereas the majority of plants we examined harbored telomeres in the 3.5-to 8-kb size range, as previously reported (Gallego and White, 2001; Bundock and Hooykaas, 2002; Riha et al., 2002; Gallego et al., 2003) , a significant proportion harbored shorter telomeres of 2 to 5 kb ( Figure 2B ). All of the Ws plants used for this analysis displayed the distinct Ws morphology, ruling out cross-contamination with Columbia seeds. This bimodal telomere length distribution was also observed in Ws plants from Wisconsin's T-DNA insertion collection (data not shown). To determine whether the bimodal size distribution was characteristic of other ecotypes with longer telomeres, TRF analysis was also performed on individual plants of Nd-0 and Cvi-0 accessions. Interestingly, telomere size distribution in Nd-0 and Cvi-0 plants was uniform among different individuals (data not shown), implying that Ws is unusual among Arabidopsis accessions in harboring a bimodal distribution of telomere lengths. 
Genetic Analysis of Telomere Length Variation in the Ws Ecotype
Given the striking variation in telomere length among Ws individuals, we next asked whether their telomere size was stably inherited. TRF analysis was performed on Ws parents bearing either short (line 78-7) or long (line 71-13) telomeres and their progeny obtained by self-pollination. For both lines, the telomere tract of the parent was maintained at the same size for at least three successive generations ( Figure 3A ; data not shown). Similar results were obtained for Columbia plants; bulk telomere length in the progeny differed from the parents by no more than 0.5 kb (data not shown). Thus, telomere size distribution in wildtype Ws and Columbia accessions is tightly regulated and heritable through successive generations.
To further explore the molecular basis for the bimodal size distribution of telomeres in Ws plants, we crossed individuals from lines 78-7 (P1) and 71-13 (P2) to obtain plants heterozygous with respect to parental telomere length ( Figure 3B ). Telomeres in F1 progeny displayed intermediate length with respect to telomeres in their parents and ranged from 2.7 to 8.5 kb. Although the overall size distribution was broadened relative to either parent, the shortest F1 telomeres were ;0.6 kb longer than the shortest telomeres in P1, and the longest F1 telomeres were slightly longer than the longest telomeres in P2 ( Figure 3B ). Moreover, instead of the more homogenous smear associated with parental DNA, telomeres in the progeny exhibited a more discrete banding pattern, which may reflect the contribution of one short and one long telomere from each parent (see below).
If a single dominant factor was responsible for establishing telomere length in Ws plants, we would expect segregation of telomere lengths in an F2 population with some plants bearing telomere length similar to the original parents. To test this prediction, F1 plants were self-pollinated to generate F2 progeny. Telomeres in the F2 plants displayed roughly the same size distribution as their F1 parent ( Figure 3C ). In 9 of 11 F2 individuals, the longest telomeres were slightly shorter than in F1, and in approximately half of the F2 plants, the shortest telomeres were slightly shorter than in F1. In our experience, this subtle difference is not significant because some telomere length variation is commonly observed even among siblings. We conclude that the overall range of telomere tracts was remarkably similar in F1 and F2 populations, arguing that like the situation in maize (Zea mays) (Burr et al., 1992) , the length of the telomere tract in Arabidopsis is not controlled by a single genetic factor. Instead, we speculate that epigenetic factors may be responsible for the establishment of different telomere lengths in Ws individuals (see below). If this is the case, the intermediate telomere length observed in the F1 and F2 progeny of the cross can be explained by the contribution of epigenetic factors present in both parents.
Telomere Length Dynamics at Individual Chromosome Ends
Although it is clear that the overall size of telomere tracts is maintained within preset boundaries, relatively little is known about how length homeostasis is achieved for individual telomere tracts. To investigate this question, we followed the fate of individual telomeres in parents and their progeny using chromosome end-specific probes. For analysis of individual chromosome ends, TRF analysis was performed on DNA isolated from whole plants that was digested with PvuII and SpeI, enzymes that cleave in the subtelomeric regions to release the telomere tract along with the unique sequences adjacent to it. We used probes specific for the South or right arm of chromosome two (2R) and the South (right) and North (left) arms of chromosome 5 (5R and 5L, respectively). The actual size of the telomere tract can be determined from the TRF signal by subtracting the distance from the subtelomere to the telomere. These values are 1.3 kb for 2R, 1.5 kb for 5L, and 2.6 kb for 5R. TRF analysis was performed on genomic DNA isolated from 10 individual plants of the Columbia (A) or Ws (B) ecotype.
As shown in Figure 4 , a single discrete band was detected in most Columbia plants, indicating that the length of individual telomere tracts on homologous chromosomes is coordinately controlled throughout development. In a few plants, two ( Figure  4A , lane 2) or even three bands ( Figure 4A , lane 3) were observed. Whereas two bands would be consistent with differentially sized telomeres on homologous chromosomes, the presence of three 5L bands in one plant implies the existence of distinct cell populations bearing 5L telomeres of different lengths. Although the size of individual telomere tracts is tightly regulated in a single plant, we noted dramatic variation in telomere length among unrelated individuals. As shown in Figures 4A and 4B , the 2R telomere in Columbia plant 3 was quite short (2.4 kb), but in plant 1 it was 1.3 kb longer. Similarly, the 5L telomeres of plants 4 and 5 were much shorter than in plant 1. For both Columbia and Ws individuals, telomere lengths were more similar among siblings than unrelated individuals (Figure 4 ; data not shown).
We also compared telomere size in Ws siblings derived from parents bearing either long or short telomeres. Telomeres 5L and 2R in the siblings of the short telomere line (78-7) were remarkably uniform in size, with most tracts measuring between 3.3 and 3.7 kb ( Figures 4C and 4D ). The same result was obtained for the 5L telomeres in siblings from the long telomere line (71-13) ( Figure 4C ). By contrast, the 2R telomeres from this same line (71-13) varied dramatically in size among long telomere siblings. The 2R telomere in plant 3 was 2.5 kb shorter than in plant 2, whereas for plant 1, two discrete 2R telomere populations were observed, one corresponding to 2R in plant 2 and the other intermediate in size between 2R for plants 2 and 3 ( Figure 4D ). Although much shorter than in other siblings, the 2R telomere in sibling 3 is still within the acceptable lower size limit for this line and likely to be extended in the next generation (see below). We conclude from these data that although global telomere length is strictly regulated within an ecotype-specific range, individual telomere tracts are not limited to a set size within this range and are subject to lengthening and shortening events. 
Telomeres Lengthen and Shorten in Progeny to Achieve an Optimal Size
The data presented thus far demonstrate the dynamic nature of individual telomere tracts. However, the variations appeared to be stochastic and provided no insight into how the upper and lower size limits are established and maintained. To address this question, we compared telomere length in parents and their progeny to follow the fate of individual telomere tracts through successive generations of Columbia and Ws plants. Figure 5 shows the results for Columbia plants derived from different siliques of the same parent. The parental 5L telomere was 3.2 kb, but in essentially all of the progeny (from three different siliques), telomeres were lengthened for a net increase of 0.3 to 0.8 kb ( Figure 5A ). In the majority of the progeny, only a single prominent population of 5L telomeres was detected. However, in plants 2 and 5 from silique 3, two populations of 5L telomeres were observed, implying that the 5L telomere was subjected to differential processing in these plants.
Analysis of the 2R telomere yielded a strikingly different result.
In this case, the parental telomere was 3.5 kb, ;300 bp longer than the 5L telomere. For silique 1, 2R telomeres in a subset of the progeny were elongated (up to 0.6 kb), but this was not the case in all plants. In several individuals, 2R telomeres were approximately the same size as in the parent, and in 6 of 10 progeny from silique 2, 2R telomere split into two populations, with one telomere signal being shorter than the parent and one longer. Remarkably, for silique 3 all of the 2R telomeres were slightly shorter than the parent and ranged in size from 2.9 to 3.3 kb for a net decrease of 0.2 to 0.6 kb. This decrease corresponds to the amount of telomeric DNA lost per generation in a telomerase-deficient mutant (Riha et al., 2001) , arguing that the 2R telomere was not an efficient substrate for telomerase action in this generation. The fate of the 5R telomere was particularly interesting. The parent displayed two distinct 5R telomere populations, one at 3.7 kb and a second at only 1.9 kb, which represents the lower size limit of telomeres in all of the wild-type accessions we examined. Although it is not possible to unambiguously connect the lower band in the progeny to the lower band in the parent, it is striking that in most of the progeny, 5R telomeres were extended relative to this short parental 5R telomere. The only exception was individual 8 from silique 2, whose shorter 5R telomere was slightly shorter than that of the parent, indicating that this (A) One Columbia plant (parent) was self-pollinated, and the progeny from three random siliques were chosen for TRF analysis using the probes indicated.
(B) TRF analysis was performed on DNA from three successive generations of Columbia plants to measure 2R, 5L, and 5R telomere lengths. The S1 lane shows results for DNA obtained from the progeny of the parent (P). S1 was self-pollinated to produce seeds for S2 plants.
particular telomere was not extended in this individual. Remarkably, in silique 3 the 5R telomere converged in six of nine progeny to compose only a single size distribution that was up to 2 kb longer than the short parental telomere. These findings indicate that telomerase is acting preferentially on the shortest telomere in the population, allowing it to enter a more favorable size range.
The dynamic nature of this telomere-measuring mechanism was even more evident when we followed the fate of telomeres through three consecutive generations ( Figure 5B) . The 3.5-kb 2R telomere dropped in size in the second generation (S1) to 3 kb but then in the third generation (S2) was restored to approximately the same size as in the first generation. By contrast, the 3.2-kb 5L telomere was extended to 3.7 kb in generation 2, but then in generation 3 telomeres in most of the progeny split into two size classes, one longer and one shorter than the generation 2 parent. For 5R, two populations of telomeres were maintained throughout the three subsequent generations. However, the shorter telomere, which was only 1.9 kb in the first generation, was extended to 2.6 kb in the second generation and then to 3.1 kb in the third generation. Conversely, the longer 5R telomere was extended from 3.7 to 4 kb in the second generation but remained almost the same length in the third generation.
All together these data indicate that the length of telomere tracts in Arabidopsis is actively monitored and reset in each generation to maintain an optimal size. For the Columbia ecotype, the optimal size appears to be ;3.5 kb. Telomeres shorter than this are likely to be acted on by telomerase in the next generation, whereas longer telomeres are less inclined to be telomerase substrates.
A New Optimal Telomere Length in Ws Plants
We found that telomeres in Ws accession were subjected to the same type of measuring mechanism, but different length optima were observed depending on whether the plants were derived from a short (average ;3.5 kb) or a long telomere parental line (average ;6.0 kb) (data not shown). To explore how an ideal telomere length is established, we examined telomere dynamics in Ws plants derived from the cross between parents with short and long telomeres ( Figure 6 ). As expected, the 2R telomere in each parent fell within predicted size range, 4.0 kb for the short telomere parent and 5.6 kb for the long (Figure 6 , parents P1 and P2). In F1, two populations of 2R telomeres were detected, one population of the same size as the long telomere parent and a second slightly longer than in the short telomere parent ( Figure  6, lane F1) . Thus, the broad telomere size distribution in F1 plants ( Figure 3B ) reflects the contribution of one short and one long telomere in the cross.
A different profile was observed in F2. In most plants, the two homologous 2R telomeres became shorter than the original long telomere parent, with many approaching the size of the short telomere parent. In only one F2 plant ( Figure 6 , plant 8) was there evidence for significant telomere elongation. However, in this case, this telomere was 6.9 kb, still within the acceptable size range for the original long telomere parent ( Figure 3A ). For the most part, 2R telomeres in F2 ranged in size from 4.2 to 5.5 kb. This observation suggests that a new broader set point had been established that is intermediate in size relative to the original long and short Ws telomere parents.
DISCUSSION
Natural Telomere Length Variation in Arabidopsis Accessions
Eukaryotes use telomeres as a general mechanism for chromosome end protection. Although the overall length of the telomeric tract varies from species to species, each organism maintains its telomeres within a defined, species-specific limit. Recent studies have established that perturbations in the telomere length maintenance machinery profoundly affect cell survival (Riha and Shippen, 2003) . Thus, it is important to gain an understanding of how telomere length is established and maintained.
Arabidopsis thaliana is an excellent model for investigating natural variation. Arabidopsis accessions, collected from various natural habitats, display a wide variety of evolutionary traits (reviewed in Alonso-Blanco and Koornneef, 2000) ; here, we show that these variations include differences in telomere length set points. We found that telomeres in Arabidopsis ecotypes display a relatively uniform size distribution that ranges from 2 to 9 kb, with some ecotypes representing the shorter end of the spectrum (2 to 5 kb as in the Columbia ecotype) and other ecotypes, such as Nd-0 and Cvi-0, representing the longer end (3.5 to 9 kb). Thus, natural variation of telomere lengths in Arabidopsis appears to be widespread and unlinked to morphological traits that distinguish ecotypes. In addition, seeds for most ecotypes used in this study come from bulk seed propagation, which allows for genetic diversity. However, we observed no evidence for significant plant-to-plant telomere length variation between representatives of the same ecotype, with the remarkable exception of Ws plants. TRF analysis was used to measure 2R telomere lengths in three successive generations of Ws plants. The F1 plant was derived from the cross between short (78-7, P1) and long (71-13, P2) telomere parents. F1 was self-pollinated to produce seeds for F2 plants. Variations in hybridization intensities reflect subtle differences in the amount of genomic DNA loaded in each lane and not a difference in target sequence between samples.
Because most of the Arabidopsis insertional mutagenesis facilities employ Ws and Columbia ecotypes, it was of interest from a practical standpoint to more thoroughly investigate telomere length regulation in these accessions. Telomeres in Columbia plants are homogeneous in their overall length, but this is not the situation for Ws, where striking differences in telomere length can be observed among individual plants. In our experience, Ws plants bearing shorter telomeres are less common in the population than plants bearing longer telomeres. This may explain why, in all of the published studies that examine the role of telomere-related genes, Ws plants have had longer telomeres (Gallego and White, 2001; Bundock and Hooykaas, 2002; Riha et al., 2002; Gallego et al., 2003) . Nonetheless, the presence of a bimodal size distribution of telomeres in Ws individuals could significantly confound the interpretation of phenotypes in mutants with perturbations in telomere-related genes. We recommend that TRF analysis performed on mutant progeny derived from a heterozygous Ws parent be compared with wild-type siblings and not with unrelated wild-type plants.
Telomere Dynamics on Individual Chromosome Ends
In contrast with the situation in yeast and mammals, popular models for telomere biology, most of the chromosome arms in Arabidopsis harbor unique subtelomere sequences that can be used to assess behavior of individual telomeres. We exploited this feature of Arabidopsis to examine the fate of individual telomeres through successive generations. Our data underscore the dynamic nature of telomere maintenance and demonstrate that individual telomeres do not occupy a predetermined length territory. Instead, each telomere is free to move within the ecotype-specific size boundary. We also discovered that the length of telomere tracts on homologous chromosomes is coordinately regulated because in most cases TRF analysis detected only a single band corresponding to the telomere on homologous chromosome arms.
The regulated nature of telomere tracts in Arabidopsis is quite remarkable, considering that DNA for our analysis was isolated from entire plants containing cells with different proliferation histories. The length of an individual telomere is expected to vary significantly depending on how often telomerase engaged the telomere and how much telomeric DNA was added in each elongation event. This is true for a clonal population of human cells, which display a dramatic difference of up to 6 kb for a particular chromosome end (Baird et al., 2003) . By contrast, we observed very limited length variation for a given telomere end, and in most cases only one telomere-specific band was observed. The limited variation of telomere length may reflect a low number of cell divisions required for generation of an Arabidopsis plant relative to cell divisions required to maintain human cells in culture. In addition, the action of telomerase may be strongly influenced by the size of the telomere tract in the parent. In support of this idea, we found that the lengths of individual telomere tracts in siblings are much more similar than in unrelated individuals. The uniformity of telomere tracts may also be a consequence of telomerase action at a defined stage in the life cycle, perhaps in premeiotic or postmeiotic cells. If this is the case, then the dramatic extension of some telomere tracts (up to 2 kb within one generation) is striking. Whether telomere addition happens as a consequence of a single elongation event early in plant development or through multiple interactions later on remains to be determined.
In Arabidopsis, as in yeast and humans, telomerase appears to be preferentially recruited to the shortest telomeres (Marcand et al., 1999; Hemann et al., 2001; Samper et al., 2001; Hathcock et al., 2002; Liu et al., 2002; Teixeira et al., 2004) . Because the maintenance of critically shortened telomeres is crucial for cell viability and chromosome stability (Hemann et al., 2001) , this observation indicates that organisms across eukaryotic evolution have evolved a common solution to these problems. In wildtype Arabidopsis, most long telomeres shorten at a rate of ;200 to 500 bp per generation. This attrition occurs at the same rate as in a telomerase mutant (Riha et al., 2001) . Hence, it appears that some chromosome ends with long telomeres may be inaccessible to telomerase throughout the entire lifespan of the plant. This observation is consistent with a recent report showing that Telomeres are brought to an optimal, ecotype-specific size by the opposing consequences of telomerase action and the end-replication problem. When telomere length reaches the lower threshold (2 kb), telomerase is more likely to act (bottom telomere). As telomeres approach the optimum threshold (3.5 kb), there is an equal chance of telomerase action or inaction, resulting in telomere splitting (middle telomere). At the maximum size (5 kb, top telomere), telomerase is less likely to act, and telomeres shorten because of the end-replication problem.
yeast telomerase does not act on every telomere in each cell cycle (Teixeira et al., 2004) . The slow rate of telomere shortening further suggests that telomeres in wild-type Arabidopsis, in contrast with those in humans (Hackett and Greider, 2003) , are not subjects to nuclease attack and hence may exist in a more sheltered configuration during much of the plant life cycle.
Although telomere shortening by the end-replication problem appears to be the major mechanism of telomere attrition in most organisms, including plants, an alternative, recombination-based pathway might also be involved in resetting the length of long Arabidopsis telomeres. In our parent-progeny analysis we often saw the loss of >1 kb from long telomeres in a single plant generation, which is far greater than the rate of telomere shortening simply caused by the end-replication problem (Fitzgerald et al., 1999; Riha et al., 2001) . Whether this active but yet unknown mechanism of telomere shortening is similar to the telomere rapid deletion phenomenon observed in certain yeast and mammalian genetic backgrounds (reviewed in Lustig, 2003) remains to be determined.
Establishing and Maintaining an Optimal Telomere Length in Arabidopsis
An optimal size for telomere tracts is established and maintained in each Arabidopsis ecotype. For Columbia telomeres, this size is 3.5 kb. Our data provide strong evidence that telomeres are acted upon by two opposing forces driving them to this size (Figure 7 ). Telomeres shorter than 3.5 kb are preferentially extended by telomerase, whereas longer telomeres tend to be poor substrates for telomerase and passively drift down to the optimal length as a consequence of the end replication problem. At the optimal size, an equilibrium is reached between shortening and lengthening activities, giving the telomere an equal chance of being elongated or shortened. In support of this idea, we observed telomere splitting in which a uniform population of telomeres in the optimal size range is divided into two subpopulations of shorter and longer sizes in the next generation ( Figure  7) . Convergence of two chromosome-specific bands into one also occurred, an outcome expected when a shorter and longer telomere are simultaneously brought closer in size to reach the optimal length.
The bimodal distribution of telomeres within the Ws ecotype raises several interesting questions about the mechanisms that establish a species-specific telomere size. Both populations of Ws plants maintain their telomere lengths from generation to generation. Because the majority of wild-type Ws plants have telomeres in the longer range (3.5 to 8 kb), it seems likely that plants with shorter telomeres have somehow reset their telomere length ranges to the lower Columbia-type limit (2 to 5 kb). The inability to segregate short and long telomere lengths in the F2 progeny of a cross between short and long telomere Ws parents argues that the establishment and maintenance of ecotypespecific telomere length are distinct processes and are not regulated by a single genetic factor. Rather, a new intermediate set point of telomere length appears to be established in F1 plants that is maintained in F2 progeny. Telomeres inherited from the parental lines are no longer restricted by the parental telomere set points but are able to move freely within the broader size range of 2 to 8 kb. Further analysis will be necessary to elucidate possible genetic factors involved in telomere length regulation in Arabidopsis.
It is conceivable that epigenetic factors contribute to telomere length regulation. In this scenario, we would predict that genetic factors, such as putative homologs of mammalian double-strand telomere binding proteins (Broccoli et al., 1997) , would be involved in the maintenance of telomere length but not in its establishment. In light of the recent discoveries that Schizosaccharomyces pombe has mechanistically distinguishable processes leading to the establishment and maintenance of the functional telomere complex (Sadaie et al., 2003) and that mammalian histone methyltransferases are involved in epigenetic regulation of telomere length (Garcia-Cao et al., 2004) , the potential contribution of epigenetic control in telomere length regulation in higher eukaryotes remains an intriguing possibility.
METHODS
Plant Material
Wild-type Arabidopsis thaliana seeds (ecotype Ws) were purchased from Lehle Seeds (Round Rock, TX), catalog number WT-8A. Parental Ws lines 71-13 and 78-7 were randomly selected from this population based on the differences in the overall length of their telomeres. Arabidopsis plants of ecotypes Col-6, Ler, La-0, Cvi-0, Tsu-1, Nd-0, No-0, Can-0, Be-0, Ber, Van-0, Gr-3, and Kas-1 were obtained from the ABRC (catalog numbers CS8155, CS8581, CS1299, CS1096, CS6926, CS1390, CS1394, CS1064, CS965, CS8068, CS1584, CS3179, and CS1264, respectively).
DNA Isolation and TRF Analysis
DNA from individual 6-week-old whole plants was extracted as described (Cocciolone and Cone, 1993) . TRF analysis was performed with DNA digested with Tru1I (Fermentas, Hanover, MD) restriction enzyme. 32 P 59 end-labeled (T 3 AG 3 ) 4 oligonucleotide was used as a probe (Fitzgerald et al., 1999) . Single telomere analysis was performed as follows: 1 mg of genomic DNA was digested with PvuII and SpeI, and DNA was separated by electrophoresis in a 0.8% agarose gel and blotted onto a nylon membrane. Telomere-adjacent DNA sequences were amplified with primers PAT51-5, 59-CAACATGGCCCATTTAAGATTGAACG-39, and PAT51-3, 59-CACATATATGTTTGTTGAGTGTCGC-39, for the 2R probe; TAS5R-F1, 59-TACGGTTTAGAGTTTAGGGT-39, and TAS5R-R1, 59-CGCTCTCATTGCGAGTGGTA-39, for the 5R probe; and TAS5L-F2, 59-TGAGTTTGCATAAAGCGTCACG-39, and TAS5L-R2, 59-CGACAAC-GACGACGAATGACAC-39, for the 5L probe and were used for hybridization. Radioactive signals were scanned by a Storm PhosphorImager (Molecular Dynamics, Sunnyvale, CA), and the data were analyzed by IMAGEQUANT software (Molecular Dynamics).
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